Introduction {#S0001}
============

Articular cartilage is a specific type of connective tissue that covers the articular surfaces of the bone; it is mainly composed of a dense extracellular matrix (ECM) and a sparse cell population.[@CIT0001] It plays an essential role in the biomechanical functions of the joints, including shock absorption, sheer resistance and load bearing.[@CIT0002] Once articular cartilage is damaged, it has a limited potential for spontaneous repair due to the lack of vascularity, nerves and lymphatics. This can result in joint pain, swelling, dysfunction, and eventually lead to osteoarthritis (OA).[@CIT0003],[@CIT0004] In the past two decades, OA has been the most common form of arthritis accounting for approximately 300 million patients worldwide and undoubtedly has been considered as one of the most significant health problems that also pose a substantial financial burden on the public health system, and the patients themselves.[@CIT0005] Currently, conservative treatments, including pharmacological and non-pharmacological therapies, are commonly applied to improve joint pain, reduce stiffness and improve physical function in patients with OA. However, the therapies cannot prevent further joint degeneration.[@CIT0006] Surgical strategies are also designed to treat cartilage defects, including autologous chondrocyte implantation (ACI), microfracture, osteochondral grafts and total joint arthroplasty. However, they have some inherent shortcomings such as the requirement of secondary surgery, immunogenic responses, shortage of donor tissues and pathogen transmission risks.[@CIT0007]--[@CIT0010] Alternatively, cartilage tissue engineering, which involves combining cells, scaffolds and growth factors, has emerged as a promising strategy for cartilage repair.[@CIT0011] Meanwhile, the methods of minimally invasive surgery, including the implantation and injection, are an important component of clinical translation of tissue engineering techniques which have been verified in vitro.[@CIT0012] In general, scaffolds as biologically active ECM provide mechanical support for cell growth and chondrogenic differentiation, which could be beneficial for stimulating and accelerating the cartilage regeneration process. With the development of chemistry and processing, numerous synthesized and natural materials have been applied to fabricate scaffolds that successfully promote the cartilage regeneration without noticeable signs of immune response and rejection.[@CIT0013]--[@CIT0015]

While biomimetic three-dimensional scaffolds have been made, they cannot create high-quality cartilage tissue independently. Stem cells, pluripotent cells and native progenitor cells are commonly used in combination with scaffolds to accelerate and improve the regeneration process.[@CIT0016],[@CIT0017] Moreover, cell-based therapies are inﬂuenced by the cellular microenvironment to some extent. Growth factors are of high importance as they have the potency to induce and enhance cellular responses, which is beneficial for the cells as they need to differentiate into desired lineages.[@CIT0018] Although scaffolds can obtain sufficient growth factors from the culture medium under in vitro conditions, the incorporated growth factors can spread out of the scaffolds and degrade in a short time in vivo. Besides, different dosages and delivery rates are required for different growth factors to induce the cells in in vitro or in vivo conditions.[@CIT0019],[@CIT0020] Today, a plethora of studies have been conducted to investigate the delivery of single or multiple growth factors from the scaffolds in a defined manner.

This review examined the delivery of growth factors for cartilage tissue engineering, with an emphasis on the polymer scaffold-based approaches. First, the aim is to enable an understanding of current applications of polymer scaffolds, following with the descriptions of different growth factors involved in cartilage tissue engineering. A latter section will place a particular emphasis on the growth factor delivery strategies associated with polymer scaffolds. Finally, the current challenges and suggestions of polymer scaffold-based growth factor delivery for cartilage tissue engineering are explained.

Polymer Scaffolds {#S0002}
=================

Articular cartilage, with its unique mechanical properties provides the contact surfaces for load transfer between bones, which enables the joint to withstand weight-bearing. The ability to do so is attributed to its complex structure comprised of a fluid phase and a solid matrix that is composed mainly of a depth-dependent collagen fibrous network and proteoglycans, as well as other types of proteins, lipids, and cells. Therefore, the scaffold suitable for cartilage tissue engineering should have good biocompatibility for cell adhesion, migration and proliferation, and also provide appropriate mechanical and structural support. In addition, biodegradability and being free of adverse reactions are basic properties required for a three-dimensional scaffold mimicking physiological characteristics.[@CIT0021] Currently, a wide range of natural and synthetic polymers play an important role in the development of scaffolds for cartilage tissue engineering. Due to superior biocompatibility and biodegradation, natural polymers like collagen, chitosan, silk fibroin, alginate, hyaluronic acid and chondroitin sulfate are suitable for initiating a fast regeneration process. However, potential pathogen transmission, immunogenicity and poor mechanical properties limit their clinical application.[@CIT0022] On the other hand; synthesized polymers can artificially regulate the degree of polymerization, thereby controlling its mechanical properties, internal structure and degradation, which can effectively promote the regeneration process. Poly (lactic acid) (PLA), poly glycolic acid (PGA), poly lactide-co-glycolic acid (PLGA) and poly caprolactone (PCL) are the most commonly synthesized polymers in the application of three-dimensional scaffolds for cartilage tissue engineering.[@CIT0023] When comparing these to natural polymers, the properties of synthetic polymer-based scaffolds are considerably different in terms of their tunable properties, such as molecular weight, transition temperatures and crystallinity.[@CIT0024]

Polymer nanofibers have been extensively studied due to their ability to encapsulate and deliver growth factors for different tissue regeneration purposes. Nanofiber scaffolds with high surface to volume ratio and interconnected porous structure, seem to hold the lead position as the ideal candidate for cartilage tissue engineering.[@CIT0025] They play a role in stimulating the ECM environment, allowing cells to populate empty spaces and organize themselves, and mechanical stimulation can be applied to this porous structure to orient the cells and maintain a chondrocyte phenotype. As a result, scaffolds will be degraded and replaced by newly formed ECM, without producing adverse effects due to the degradation products. To date, various technologies such as electrospinning, phase separation, self-assembly, drawing and template synthesis have been applied in attempts to optimize nanofiber scaffolds to make them more consistently bioactive and mechanically stable for effective tissue regeneration application.[@CIT0026] For example; a nanofibrous scaffold was developed that was highly porous, interconnected and degradable. It was developed using phase separation of poly l-lactic acid (PLLA) solutions combined with porogen leaching techniques. Through a series of characteristic tests, chondrogenic evaluations in vitro and in vivo demonstrated that this nanofibrous PLLA scaffold is an excellent candidate providing an advantageous three-dimensional microenvironment for a wide variety of cartilage repair strategies ([Figure 1](#F0001){ref-type="fig"}).[@CIT0027]--[@CIT0029]Figure 1Nanofibrous PLLA scaffolds induce cartilage regeneration in vitro and in vivo. (**A**) SEM micrographs of nanofibrous PLLA scaffolds with macro-porous structures (Scale bar: 200 µm). (**B**) SEM micrographs of the nanofibrous microstructure of the pore walls at a higher magnification (Scale bar: 10 µm). (**C**) H&E staining showed that BMSCs grew throughout the whole scaffolds after 4 weeks in vitro chondrogenic culture on nanofibrous PLLA scaffold (Scale bar: 200um). (**D**) Alcian blue staining showed a dense GAG matrix deposition after 4 weeks in vitro chondrogenic culture on nanofibrous PLLA scaffold (Scale bar: 100 µm). (**E**) H&E staining revealed that BMSCs/nanofibrous PLLA scaffold constructs had typical cartilage morphology after 8 weeks implanted in nude mice (Scale bar: 200 µm). (**F**) Safranin-O staining showed that BMSCs/nanofibrous PLLA scaffold constructs were positive for GAG-containing matrix in vivo (Scale bar: 200 µm).**Notes:** Reprinted from Gupte MJ, Swanson WB, Hu J, et al. Pore size directs bone marrow stromal cell fate and tissue regeneration in nanofibrous macroporous scaffolds by mediating vascularization. *Acta Biomater*. 2018;82:1--11. Copyright (2018), with permission from Elsevier.[@CIT0027]

Growth Factors {#S0003}
==============

Growth factors are a group of peptides that mediate cellular proliferation, migration and differentiation by binding to transmembrane receptors located on target cells. When a sufficient number of receptors are activated, the signaling transduction process may trigger a series of specific cellular activities.[@CIT0030] Concerning cartilage development, growth factors play an essential role in regulating the processes of chondrogenesis and hypertrophy, such as the members of transforming growth factor-β (TGF-β) superfamily, insulin-like growth factor-1 (IGF-1), ﬁbroblast growth factor (FGF) family and platelet-derived growth factor (PDGF). In order to provide a better understanding of their potential, descriptions of their roles involved in the regeneration and maintenance of articular cartilage will now be described ([Table 1](#T0001){ref-type="table"}).Table 1Summary of the Representative Growth Factor Families Involved in the Cartilage RegenerationGrowth Factor FamilySignal Pathway InvolvedRegulatory EffectsReferencesTGF-βSmad pathway: Smad 2 and 3MAPK pathways: ERKs, JNKs and p38 MAPKStimulates the proliferation and chondrogenic differentiation of MSCsImproves ECM productionInhibits the degradation of cartilage\[[@CIT0033],[@CIT0034],[@CIT0038]\]BMPSmad pathway: Smad 1, 5 and 8MAPK pathway: p38 MAPKInduce the synthesis of ECMPromote the differentiation of MSCs\[[@CIT0045]--[@CIT0048]\]IGFPI3K-PKB pathwayERK 1/2 pathwayPromote the proliferation of chondrocytes and MSCsInduce the synthesis of ECMMaintenance of cartilage phenotype\[[@CIT0055],[@CIT0057],[@CIT0058]\]FGFSTAT pathway: STAT 1 and 5MAPK pathway: ERKsStimulates the proliferation of chondrocytes and MSCsHomeostasis of the cartilage matrix\[[@CIT0062],[@CIT0067]\]PDGFERK 1/2 pathwayStimulates the proliferation of chondrocytes and MSCsEnhancing the ECM depositionPromoting the heterotopic cartilage formation\[[@CIT0068],[@CIT0069],[@CIT0072]\][^2]

Transforming Growth Factor-β Superfamily {#S0003-S2001}
----------------------------------------

The TGF-β superfamily is comprised of more than 30 closely related polypeptides, mainly including typical TGF-βs, bone morphogenetic proteins (BMPs), growth and differentiation factors (GDFs) and activin/inhibin, which regulate multiple cell functions from early development to regulating homeostasis throughout adult life.[@CIT0031] A large number of studies have shown that they have significant regulatory effects on the homeostasis and repair of articular cartilage.

### Transforming Growth Factor-β {#S0003-S2001-S3001}

TGF-β is a dimer with a molecular weight of 25 kilo Daltons (kDa) that is composed of two identical or similar chains. There are three isoforms (1--3) that are generally considered to be potent stimulators in all stages of chondrogenesis with a function of inducing proteoglycans and type II collagen synthesis.[@CIT0032] TGF-β signaling transduction is based on the membrane-bound heteromeric receptors (type I and type II). Binding to type II receptors leads to the phosphorylation of type I receptors, causing the phosphorylation of TGF-β specific Smad proteins, particularly Smad 2 and 3.[@CIT0033] In addition, some Smad-independent pathways, including p38 mitogen-activated protein kinase (MAPK), extracellular signal-regulated kinase (Erk) and stress-activated protein kinase/c-Jun NH(2)-terminal kinase (SAPK/JNK) can also be activated by TGF-β.[@CIT0034]

TGF-β is one of the main initiators of chondrogenesis of mesenchymal precursor cells, and the differentiation of mesenchymal stem cells (MSC) into chondrocytes also requires its stimulation. The expression of N-cadherin was induced by strong stimulation of TGF-β to enhance cell adhesion and aggregation, and subsequently promote cell proliferation, differentiation and deposition of the cartilage-specific extracellular matrix.[@CIT0035] Among these three isoforms, TGF-β1 was the first to be discovered, and TGF-β1 and TGF-β3 have been used in a large number of studies to explore the effect of TGF-β on the repair of cartilage after it defects. Although some studies suggest that the ability of TGF-β2 and TGF-β3 to promote cartilage differentiation may be more superior to that of TGF-β1, there is a consensus that there is no significant difference among the three TGF-β isoforms regarding their ability to promote cartilage differentiation.[@CIT0036],[@CIT0037] In a Sprague-Dawley rat full-thickness cartilage defect model, Lentivirus-TGF-β1-EGFP transduced BMSCs/calcium alginate gel significantly improved the amount of glycosaminoglycan (GAG) and type II collagen in the defect area in the early stage via activating the Smad pathway, when compared to a BMSCs/calcium alginate gel without TGF-β1 transfection. Hypertrophy markers gene expression of chondrocytes were also inhibited by increasing Yes-associated protein-1 (YAP-1).[@CIT0038] Additionally, TGF-β1-incorporated collagen vitrigel had a better effect on managing the early pain mitigation and osteochondral defect repair compared to collagen vitrigel alone.[@CIT0039] Moreover, BMSC were induced for the first 4 days with transient soluble TGF-β1, in which the accumulation of proteoglycans was 10-fold higher than TGF-β1-free culture after 3 weeks. These results suggest that TGF-β promotes chondrogenic differentiation mainly depends on the extent of stimulation of the first week.[@CIT0040] Nevertheless, there are still some studies that do not support the role of TGF-β in cartilage repair in vivo. In a rabbit osteochondral defect model, oligo polyethene glycol (PEG) fumarate (OPF) hydrogel composites containing gelatin microparticles (GMPs) loaded with MSCs with or without TGF-β1 did not improve cartilage morphology.[@CIT0041] Besides, undesirable side effects such as synovial ﬁbrosis, endochondral ossiﬁcation and hypertrophic scars were observed in vivo after a continuous stimulation by TGF-β1.[@CIT0042]--[@CIT0044] Therefore, it is crucial to properly deliver and present TGF-βs in vivo for cartilage regeneration.

### Bone Morphogenetic Protein {#S0003-S2001-S3002}

BMPs are members of the TGF-β superfamily. They have two active forms of homodimer and heterodimer, which can also induce differentiation of MSCs through the classical Smad and non-Smad pathways to form cartilage and promote the synthesis of cartilage ECM.[@CIT0045] Studies have shown that blocking BMP activity can deplete proteoglycan, which in turn leads to a reduction in the intrinsic repair capacity of injured cartilage. Moreover, the congenital low regeneration capacity of articular cartilage was also found to be related to BMP antagonistic and catabolic cytokines.[@CIT0046],[@CIT0047] So far, at least 15 different BMPs have been found, of which BMP-2, BMP-4, BMP-6 and BMP-7 have been the most widely studied in the field of cartilage tissue engineering.[@CIT0048] Particularly, BMP-2 has been proven to be highly expressed throughout the chondrogenic process; thus, it has been commonly applied to improve cartilage regeneration in vitro and in vivo.[@CIT0049] Furthermore, in a rabbit articular cartilage defect model, combined therapy of microfracture and long-term BMP-2 delivery showed an advantage in the regeneration of hyaline-like cartilage, compared to microfracture with a short-term BMP-2 delivery.[@CIT0050] At present, there is still controversy surrounding the ability of different isoforms of BMPs to induce cartilage regeneration. Sekiya et al demonstrated that the ability of BMP-2 to promote chondrogenic differentiation of bone marrow-derived MSCs is more potent than that of BMP-4 and BMP-6 based on the quantification of proteoglycans and type II collagen, as well as the size and weight of the cartilage that is being synthesized.[@CIT0051] However, another study reported that BMP-2 contributed to a better restoration of subchondral bone in contrast to the superior efficacy of BMP-4 for hyaline cartilage repair.[@CIT0052] Although there are a large amount of studies supporting BMPs in their ability to promote chondrogenic differentiation of MSCs alone or synergistically with other factors such as TGF-β, most BMPs can also induce osteogenesis. In addition, heterotopic ossification induced by BMPs is an important issue that needs to be further studied and overcome, especially in the joint cavity.[@CIT0053],[@CIT0054]

Insulin-Like Growth Factor {#S0003-S2002}
--------------------------

In in vitro and in vivo studies, both insulin-like growth factor (IGF) isoforms, IGF-1 and IGF-2 have been shown to promote the proliferation of chondrocytes, stimulate the synthesis of the extracellular matrix of cartilage, and inhibit the activity of extracellular matrix-degrading enzymes, which is beneficial to the cartilage repair.[@CIT0055],[@CIT0056] Especially, IGF-1 was shown to induce chondrogenic differentiation of MSCs independently, and its functions were enhanced when combined with other growth factors.[@CIT0057],[@CIT0058] Gugjoo et al reported that IGF-1 and TGF-β1 into laminin gel scaffold in conjunction with allogeneic bone marrow mesenchymal stem cells (BM-MSCs) obtained a better effect on hyaline-cartilage formation with an improved cellular arrangement compared to laminin gel scaffold loading IGF-1 alone in rabbit osteochondral defects.[@CIT0059] In addition, IGF-1 and BMP-2 transfected rabbit adipose-derived stem cells (ADSCs) resulted in higher production of type II collagen with reduced production of matrix metalloproteinase-3 (MMP-3).[@CIT0057] Interestingly, similar synergistic effects of IGF-1 combined with BMP-2 on cartilage regeneration are not always consistent in vivo. The dual delivery of IGF-1 and BMP-2 based on the macromere OPF appeared to have a synergistic effect on improving subchondral bone formation rather than promoting hyaline cartilage formation in a rabbit osteochondral defect model, at 12 weeks post-implantation.[@CIT0060] Similarly, an IGF-1 treated rabbit osteochondral defect exhibited good results for cartilage repair and morphology; however, the benefits were not maintained when TGF-β1 was added.[@CIT0061] Based on these controversies, IGF-1 in conjunction with other growth factors for cartilage repair in vivo and the optimal delivery strategy remains to be fully elucidated in the future.

Fibroblastic Growth Factor {#S0003-S2003}
--------------------------

The fibroblast growth factors (FGFs) are a family of 22 highly homologous polypeptides which have been shown to have the potential for promoting tissue regeneration. Concerning cartilage, FGFs are closely related to chondrocyte proliferation, joint development, and homeostasis of the cartilage matrix. Basic FGF (bFGF) or FGF-2 is the representative member that has been the most examined in terms of the effect on chondrocytes and MSC. FGF-2 treatment affected maintaining the chondrogenesis potential during monolayer cartilage expansion through changing the structure of F-actin elements and allowing for more effective use of harvested tissue for cartilage regeneration.[@CIT0062] In an in vitro setting, SOX9 was up-regulated in FGF-2 exposed human MSCs (hMSCs) leading to early chondrogenic differentiation by a priming mechanism.[@CIT0063],[@CIT0064] Besides, FGF-2-incorporating fibrin clot treatment proved to be useful for the regenerative repair of articular cartilage as well as for the underlying subchondral bone.[@CIT0065] However, the combination of FGF-2 and BMP-6 could suppress the ability of the latter to induce chondrogenic differentiation.[@CIT0066] There is also research reporting that FGF-2 can inhibit TGF-β and weaken the chondrogenic potential of TGF-β in mouse-derived MSCs.[@CIT0067] However, FGF is involved in cartilage development, and the process of chondrogenic differentiation of MSCs and its interaction with other growth factors remains to be further studied in order to clarify the optimal strategy for cartilage regeneration in vitro and in vivo.

Platelet-Derived Growth Factor {#S0003-S2004}
------------------------------

Reports have shown that platelet-derived growth factor (PDGF) has potent mitogenic and chemotactic effects on cells of mesenchymal origin, including MSCs and chondrocytes. Prolonged exposure to PDGF-BB, chondrocytes were observed to be significantly increased in a dose-dependent manner as well as enhancing the cartilage matrix production, while suppressing the progression of cells along the endochondral maturation pathway.[@CIT0068] In addition, PDGF, in conjunction with high-pressure oxygen, can significantly enhance hyaline cartilage regeneration in the site of cartilage defects in a rabbit model.[@CIT0069] Sarban et al assessed the potential use and histological effects of the local administration of PDGF for full-thickness osteochondral defects; macroscopic and histological improvement was harvested.[@CIT0070] G-protein-coupled receptor kinase interacting protein-1 (GIT1), a protein in relation with focal adhesions, cell growth and migration, was recently shown to be upregulated by PDGF and subsequently resulted in promoting chondrocyte proliferation and migration.[@CIT0071] However, the addition of PDGF to human chondrocytes led to the expression of dedifferentiation related genes being stimulated.[@CIT0072] A similar phenomenon also occurred in human chondrocytes that were treated with human platelet supernatant, which is a rich source of PDGF.[@CIT0073] Accordingly, dosing requirements and optimum exposure rates need to be further evaluated to derive a clear beneﬁt of this approach in cartilage tissue engineering.

Scaffold-Based Growth Factor Delivery {#S0004}
=====================================

For decades, a wide variety of scaffolds seeded with cells have been developed to promote cartilage regeneration in a specific medium containing various growth factors. Although these constructs have achieved some success in vitro, regulatory approval and clinical transformation have been complicated due to manufacturing variability.[@CIT0074] In addition, growth factors can only exert their best potential at the site of injury; however, it is difficult for them to remain active after reaching the extracellular matrix since they are easily inactivated under physiological conditions. Generally, cartilage tissue engineering-related growth factors such as TGF-βs and BMPs have a short half-life, especially in vivo; thus a single dose of growth factor is not sufficient to initiate cartilage formation, and the supra-physiological dose is often required to have a specific effect on the treatment of cartilage defects. Scaffold-based growth factor delivery systems that mimic the natural cartilage healing process are more likely to achieve functional neocartilage tissue formation. To date, various strategies have been developed to enable spatiotemporal control over the growth factor from the scaffold.

Surface Presentation {#S0004-S2001}
--------------------

### Non-Covalent Incorporation {#S0004-S2001-S3001}

Three-dimensional matrices and porous scaffolds, due to their intrinsic physical and chemical properties, have been widely used to deliver bioactive factors through creating concentration gradients by diffusion of the factors around the injury site. One of the most common approaches for scaffold-based delivery is the simple dispersion of growth factors in the matrix. This approach preserves the superior properties of the scaffold and does not destroy the biological activity of the growth factor. However, the growth factor release profile is inherently influenced by the interaction between the matrix and factor though either electrostatic interactions, ECM affinity, or hydrophobic interactions.[@CIT0075]--[@CIT0077] Recently, in order to improve the scaffold affinity for growth factors, the surface coating has been commonly exploited. Proteins such as gelatin, fibronectin and heparin can be physically and chemically coated to enable specific biological sites to immobilize the growth factors.[@CIT0035],[@CIT0078],[@CIT0079] In a rabbit cartilage defect model, human fibroblast-derived matrix (hFDM) -coated-PLGA/PLLA microfiber scaffold loaded with TGF-β1 proved to be the most effective in forming neo-cartilage, compared to treatments without TGF-β1. Based on the electrostatic interaction of TGF-β1 with heparin, hFDM +heparin microfiber scaffolds had a higher TGF-β1 loading capacity, and a sustained release of TGF-β1 for up to 28 days was observed, as compared to the hFDM-minus-heparin microfiber scaffolds that exhibited a notably higher initial burst release in the first 7 days.[@CIT0035] Similarly, Chen and colleagues demonstrated that silk ﬁbroin-coated porous gelatin scaffold released signiﬁcantly less SDF-1α and TGF-β1 than non-coated porous gelatin scaffolds over 2 weeks.[@CIT0080] While there are some certain preferred features, physical absorption has limited potential to enable a predictable long-term sustained delivery system. In addition, environmental conditions such as temperature, acidity and hydrophobicity, could also affect the release kinetics and effectiveness of growth factors presented by surface physical absorption.

### Covalent Incorporation {#S0004-S2001-S3002}

Covalent bonding of growth factors to scaffolds has been seen to have an advantage in the management of prolonged-release systems compared to the physical absorption method. The incorporation is based on the copolymerization or chemical or physical reactions of functional groups between scaffolds and factors.[@CIT0081] For example, the amine group of TGF‐β3 and the carboxyl group of PLGA/gelatin/chondroitin sulfate/HA scaffolds were crosslinked for immobilization, which allowed TGF-β3 to exhibit a sustained released over 28 days. Moreover, the chondrogenic differentiation of MSCs on a TGF-β3 immobilized scaffold achieved a similar level compared to non-immobilized scaffolds that were cultured in chondrogenic differentiation medium supplemented with TGF-β3.[@CIT0082] However, many scaffolds involved in cartilage tissue engineering are degradable and lack reactive functional groups. Therefore, it is necessary to optimally activate the scaffolds while maintaining their integrity. Post-fabrication modiﬁcation and bending with growth factors before fabrication is the main approaches for functionalization. One primary concern in this process is that a chemical reaction may change the molecular structure of the growth factor and thereby result in a loss of bioactivity.[@CIT0083] Growth factor peptide mimics are promising to enable growth factor release from scaffolds to display their optimal and genuine functions. For instance, TGF-β1 mimicking peptide, cytomodulin-10 (CM10) was conjugated onto the PLLA-based functional nanoﬁbrous hollow microspheres (FNF-HMS) and then evaluated for promoting cartilage formation. The results indicated that the developed FNF-HMS, compared to the non-modiﬁed scaffold, effectively presented CM10 to rabbit BMSCs and significantly promoted their chondrogenic differentiation for cartilage formation in the nude mice after subcutaneous injection ([Figure 2](#F0002){ref-type="fig"}).[@CIT0084]Figure 2TGF-β1 mimicking peptide with surface modified nanofibrous PLLA microspheres induced stem cell chondrogenesis. (**A**) SEM images of surface modified nanofibrous microspheres. (**B**) A cross-sectional confocal image of FNF-HMS after fluorescent tagging of the conjugation sites. (**C**) Positive safranin-O staining for GAG in CM10-FNF-HMS/BMSCs group after 2 weeks subcutaneous implantation. (**D**) Positive immunohistochemical staining for collagen type II in CM0-FNF-HMS/BMSCs group after 2 weeks subcutaneous implantation. Scale bar: 100 µm.**Notes:** Reprinted from Zhang Z, Gupte MJ, Jin X, Ma PX. Injectable Peptide Decorated Functional Nanofibrous Hollow Microspheres to Direct Stem Cell Differentiation and Tissue Regeneration. *Adv Funct Mater*. 2015;25(3):350--360. Copyright 2015 with permission from John Wiley and Sons.[@CIT0084]

Encapsulation and Pre-Programmed Delivery {#S0004-S2002}
-----------------------------------------

### Physical Encapsulation {#S0004-S2002-S3001}

Due to its simplicity, physical encapsulation of growth factors within the scaffolds is an appealing alternative to protect factors from premature degradation, as well as reducing side effects on the non-targeted tissues. To date, various fabrication techniques for physical encapsulation have been developed that include freeze-drying, phase emulsion, phase separation, solvent casting and particulate leaching, gas foaming and in situ polymerization.[@CIT0079] The major challenge with this strategy is to minimize the growth factor exposure to hazardous solvents that is common in the scaffold fabrication process. Gas foaming seems to provide an alternative approach to avoiding inactivation of growth factors as the process is free of solvents, and the delivery of growth factors can be obtained with these scaffolds. To a large extent, the final structure of the scaffold depends on the choice of polymer material and gas.[@CIT0085] Carbon dioxide (CO2) has been identified to be a promising choice to create porous polymer scaffold structures and can also lead to an expansion of the scaffold matrix, facilitating growth factor encapsulation.[@CIT0086] A general drawback of physical encapsulations should be noted as it is difficult to control the release kinetics of growth factors, and an initial burst release is common.[@CIT0087] Recently, liposomes have become a promising approach to encapsulate hydrophilic growth factors due to their high loading efficiency, tolerance and tunability. Besides, liposome-based growth factor delivery systems avoid the use of harsh organic solvents during preparation and can, therefore, potentially enhance biocompatibility. They can also be easily functionalized for enhanced retention, and targeting.[@CIT0088] Filova et al developed a cell-free hyaluronate/type I collagen/fibrin composite scaffold containing polyvinyl alcohol (PVA) nanofibers. After taking advantage of enriching liposomes encapsulating bFGF and insulin, a time-controlled release of these two factors was observed; and successful stimulation for the cartilage regeneration was seen in vitro and in vivo.[@CIT0089] However, liposome-based delivery systems are also reported to be unstable in physiological environments, which results in a relatively short duration of release profile.[@CIT0090]

### Microparticles {#S0004-S2002-S3002}

Microparticles (MPs) act as an excellent carrier for bioactive factor encapsulation due to some crucial properties such as a high surface area to volume ratio, small dimensions, high loading efficiency and high diffusibility.[@CIT0091],[@CIT0092] Once the MPs that encapsulate growth factors are in contact with the water environment; water molecules enter the interior of the MPs, which makes the MPs swell. The diffusion channels generated by this swelling process allow the growth factors to diffuse into the external environment. At the same time, the growth factors are released with the degradation of MPs.[@CIT0093] The release rate can be regulated, including the molecular size and loading amount of the growth factor, the composition and relative molecular mass of the polymer, and the size and shape of the MPs.[@CIT0094] When growth factor loaded MPs immobilize onto the scaffolds, they can show an advantage in controlling release kinetics of single or multiple growth factors spatially and temporally without altering the scaffold structure.[@CIT0095] Numerous natural polymers, including gelatin, collagen, chitosan, hyaluronic acid, alginate and silk, have good biocompatibility, and so have been widely applied to fabricate MPs delivering growth factors for cartilage tissue engineering.[@CIT0096]--[@CIT0100] Gelatin, a representative natural material derived from collagen type I, is an example that has successfully been used to incorporate TGF-β1 for enhancing the chondrogenic differentiation of human periosteum derived cells. Moreover, for positively charged growth factors, acid gelatin MPs show a strong affinity, which has been reported for controlled delivery of BMP-2, TGF-β1 and TGF-β3 in cartilage tissue engineering.[@CIT0092] However, a potential issue in the application of natural polymers for MPs is that the degradation rate is challenging to control as well as them having a relatively short release period; which then requires additional chemical modification. In addition to natural polymers, synthetic polymer-based MPs have traditionally been growth factor delivery vehicles for several decades. In this context, PLGA, a member of the US Food and Drug Administration (FDA) approved biodegradable polymers, has become the most commonly used synthetic polymer for MP application because of its potential for desired bioactive factor delivery relevant parameters can be tuned, such as the ratio of lactide to glycolide and polymer molecular weight.[@CIT0101] TGF-β1 loaded PLGA MPs have been immobilized onto the collagen/silk ﬁbroin composite scaffold, which was evaluated in entirely thick articular cartilage defects in rabbits. Compared to the collagen/silk ﬁbroin composite group, TGF-β1 was released from the scaffold and incorporated into MPs in a sustained fashion while having a significant effect on the forming of neocartilage within the scaffold ([Figure 3](#F0003){ref-type="fig"}).[@CIT0102] However, when PLGA microspheres that encapsulated TGF-β1 they were incorporated into the PEG-based scaffold, and the initial release of TGF-β1 was notably decreased and presented a control sustained release kinetic profile with high bioactivity.[@CIT0103] While synthetic polymer-based MPs have the advantage of achieving release kinetics in a defined manner, they also face the potential issue that the degradation products may cause an inﬂammatory tissue response as well as affecting the bioactivity of growth factors. The ideal MP/three-dimensional scaffold system requires the selection of MP and scaffold materials according to the requirements of the regenerated tissue. Moreover, it is vital to reasonably combine the growth factors, MPs and scaffolds to achieve spatial and temporal patterns of growth factor delivery.Figure 3Collagen/silk fibroin composite scaffold incorporated with TGF-β1 loaded PLGA microspheres for cartilage repair. (**A**) SEM image of TGF-β1 loaded PLGA microsphere. (**B**) SEM image of composite scaffold incorporated with PLGA microspheres. (**C**) H&E staining showed a well-developed regenerated hyaline articular cartilage in the group of composited scaffolds with TGF-β1 loaded PLGA microspheres. (**D**) By Alcian blue staining, an abundance of cartilage matrices that were found in the group of composited scaffolds with TGF-β1 loaded PLGA microspheres. Scale bar: 50 µm.**Notes:** Reprinted from Wang J, Yang Q, Cheng N, et al. Collagen/silk fibroin composite scaffold incorporated with PLGA microsphere for cartilage repair. *Mater Sci Eng C Mater Biol Appl*. 2016;61:705--711. Copyright (2016), with permission from Elsevier.[@CIT0102]

### Nanoparticles {#S0004-S2002-S3003}

Nanoparticles (NPs) are another promising delivery vehicle that are attracting interest in cartilage tissue engineering. Compared to MPs, NP growth factor delivery systems exhibit a similar release mechanism, while they have higher versatility as NPs can release growth factors outside and inside of target cells. They show good performance in their afﬁnity to growth factors, allowing for the accumulation of encapsulated growth factors due to them having a greater surface area to volume ratio.[@CIT0104] Polymeric NPs play an essential role in growth factor encapsulation as they have better bioavailability, distribution and pharmacokinetic profiles.[@CIT0105] Recently, Kim et al developed fibrous PLGA scaffold integrated with BMP-7 loaded PLGA NPs, and subsequently combined them with synovial-derived MSCs to test the effect on full-thickness osteochondral defects in rabbits. The results demonstrated that BMP-7, through a control sustained release fashion, effectively enhanced the chondrogenic potential of synovial-derived MSCs contributing to high collagen type II and proteoglycan production and thick hyaline cartilage formation ([Figure 4](#F0004){ref-type="fig"}).[@CIT0106] In another study, chondroitin sulphate NPs containing TGF-β were added to the chitin and poly caprolactone scaffold, whereby a prolonged release of TGF-β over 4 weeks was observed which ultimately improved the attachment, proliferation and chondrogenic differentiation of rabbit adipose-derived stem cells.[@CIT0107] Although NPs show many advantages in the field of growth factor delivery; their intrinsic properties also bring challenges to technological development. Furthermore, a high surface area to volume ratio increases the NPs loading efficiency of growth factors, while it may reduce the stability of the NPs during the preparation process such that their advantages could be decreased.Figure 4BMP-7 loaded PLGA nanoparticles incorporated with the fibrous PLGA scaffolds for cartilage repair. (**A**) Schematic illustration demonstrated release BMP-7 from nanoparticles on the PLGA scaffolds. (**B**) The release kinetic of BMP-7 was measured over 2 weeks. (**C**) H&E staining demonstrated that PLGA/MSC/BMP-7 group resulted in a thick hyaline cartilage restoration. (**D**) Safranin-O staining supported PLGA/MSC/BMP-7 group with an obvious GAG deposition. Scale bar: 500 µm.**Notes:** Reprinted from Kim HJ, Han MA, Shin JY, et al. Intra-articular delivery of synovium-resident mesenchymal stem cells via BMP-7-loaded fibrous PLGA scaffolds for cartilage repair. *J Control Release*. 2019;302:169--180. Copyright (2019), with permission from Elsevier.[@CIT0106]

Layer by Layer Assembly {#S0004-S2003}
-----------------------

Layer-by-layer (LBL) assembly is a gentle, bottom-up and straightforward nanofabrication technique to make polyelectrolyte multilayers. It has been commonly used to modify porous scaffolds with a flexible structure for controlled delivery of growth factors, as it shows good performance in avoiding growth factors loss of function and sequestering the high concentration of growth factors under mild aqueous conditions.[@CIT0108] For this assembly process, typical hydrogen bonding, covalent interactions or electrostatic interactions are commonly used. By assembling alternating layers of sodium poly styrene sulfonate (PSS) and poly allylamine (PAH) onto planar surfaces, the polymeric multilayer capsules store growth factors and maintain their biological activity.[@CIT0109] In addition, dextran sulphate and heparin were chosen to be the counter polyelectrolytes in order to better protect growth factor ligands.[@CIT0108] The morphology of the film prepared by LBL assembly is controllable and can also be compounded with other carriers. During the process, through adjusting the inherent properties of the polyelectrolyte multilayers, the growth factor release behavior can be regulated. As a result, the desired control release and high loading capacity could be obtained through a highly optimized LBL assembly process.[@CIT0110] Three-dimensional bioprinting presents as a novel LBL process that can integrate the materials with growth factors to construct a three-dimensional scaffold. Thus, showing potential in the context of controlled delivery. It is interesting to note that the ability of three-dimensional bioprinting of spatially patterned different growth factors can generate concentration gradients of these factors to mimic the complex development of different natural tissues.[@CIT0111] Through water-based three-dimensional bio-printing, the water dispersion of polyurethane (PU), hyaluronan (HA) and TGF-β3 were integrated to construct compliant scaffolds. TGF-β3 was conveniently embedded and released from the scaffolds in a prolonged manner; it subsequently led to significant upregulation of the chondrogenic related genes expression level, including *SOX9, ACAN* and *COL2A1*, which suggests an advantage of three-dimensional bioprinting may be an alternative for developing bioactive scaffolds with controlled-release function in cartilage tissue engineering.[@CIT0112]

Conclusion and Future Outlook {#S0005}
=============================

The current clinical approaches achieved limited success in articular cartilage defects. However, the advent of tissue engineering promises to overcome the shortcomings of current clinical treatments of cartilage injury. Significant progress has been made for the optimization of scaffold design and the basic biology of growth factor manipulation. In a relatively short span, various polymer scaffold-based controlled release systems have been successfully developed for controlled delivery of growth factors to promote cartilage regeneration. Additionally, multiple growth factor delivery in a simultaneous or spatiotemporal manner based on polymer scaffolds for cartilage tissue engineering has become a popular area of research.

While polymer scaffold-based growth factor delivery systems are logical and appealing, cost-effectiveness and safety issues are guiding the research to develop optimal delivery systems that allow dose reduction and precise localization. In addition, there remain several biological and engineering challenges that should be taken into account. First, there is no standard qualitative and quantitative procedure for evaluating release systems, and the regeneration assessment is mostly based on animal models. Thus, the release kinetics and bioactivity of growth factors from the delivery system in humans needs extensive clinical validation. Second, for most defect model studies, the actual dosage of growth factors released in vivo lacked clear evidence. It is necessary to create some reliable assessment tools that noninvasively track the growth factor delivery system after implantation. In addition, multiple growth factor delivery may not result in synergistic effects, and certain growth factors only exert bioactivities in a specific scaffold environment. Therefore, studies in the future should thoroughly verify the interactions that should be important to obtain the benefits that can be achieved from the association of scaffolds and growth factors.
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